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describes an electrolysis cell for said production of aluminium by use of essentially inert electrodes in a vertical and/or inclined 
Q position, where said cell design facilitates separation of aluminium and evolved oxygen gas by providing a gas separation chamber 
^ (14) arranged in communication with the electrolysis chamber (22), thus establishing an electrolyte flow between the electrolysis 
^ chamber (22) and the gas separation chamber (14). 
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A method and an electrowinning cell for production of metal 

The present invention relates to a method and an electrowinning cell for the production 



Aluminium is presently produced by electrolysis of an aluminium-containing compound 
dissolved in a molten electrolyte, and the electrowinning process is performed in cells of 
conventional Hall-Hdroult design. These electrolysis cells are equipped with horizon- 
tally aligned electrodes, where the electrically conductive anodes and cathodes of today's 
cells are made from carbon materials. The electrolyte is based on a mixture of sodium 
fluoride and aluminium fluoride, with smaller additions of alkaline and alkaline earth 
fluorides. The electrowinning process takes place as the current passed through the 
electrolyte from the anode to the cathode causes the electrical discharge of aluminium- 
containing ions at the cathode, producing molten aluminium, and the formation of 
carbon dioxide at the anode (see Haupin and Kvande, 2000). The overall reaction of the 
process can be illustrated by the equation: 



Due to the horizontal electrode configuration, the preferred electrolyte composition and 
the use of consumable carbon anodes, the currently used Hall-H^roult process displays 
several shortcomings and weaknesses. The horizontal electrode configuration renders 
necessary an area-intensive design of the cell, which results in a low aluminium produc- 
tion rate relative to the footprint of the cell. The low productivity to area ratio causes 
high investment cost for greenfield primary aluminium plants. 

The traditional aluminium production cells utilise carbon materials as the electrically 
conductive cathode. Since carbon is not wetted by molten aluminium, it is necessary to 
maintain a deep pool of molten aluminium metal above the carbon cathode, and it is in 
fact the surface of the aluminium pool that is the "true" cathode in the present cells. A 
major drawback of this metal pool is that the high amperage of modem cells (> 150 kA) 



of aluminium, in particular electrowinning of aluminium by the use of substantially inert 
electrodes. 



2AI2O3 + 3C = 4A1 + 3CO2 



(1) 
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creates considerable magnetic forces, disturbing the flow patterns of the electrolyte and 
the metal in the electrowinning cells. As a result, the metal tends to move around in the 
cell causing wave movements that might locally shortcut the cell and promote dissolu- 
tion of the produced aluminium into the electrolyte. In order to overcome this problem, 
S complex busbar systems are designed to compensate for the magnetic forces and to keep 

the metal pool as stable and flat as possible. The complex busbar system is costly, and 
if the disturbance of the metal pool is too large, aluminium dissolution in the electrolyte 
will be enhanced, resulting in reduced current efficiency due to the back reaction: 

10 2A1 + 3C02 = AI2O3 + 3C0 (2) 

The preferred carbon anodes of today*s cells are consumed in the process according to 
reaction (1), with a typical gross anode consumption of 500 to 550 kg of carbon per 
tonne of aluminium produced. The use of carbon anodes results in the production of 

15 pollutant greenhouse gases like CO2 and CO in addition to the so-called PFC gases (CF4, 

C2F6, etc.)- The consumption of the anode in the process means tiiat the interpolar 
distance in the cell will constantiy change, and the position of the anodes must be 
frequently adjusted to keep the optimum operating interpolar distance. Additionally, 
each anode is replaced with a new anode at regular intervals. Even though the carbon 

20 material and the manufacture of the anodes are relatively inexpensive, the handling of 

the used anodes (butts) makes up a major portion of the operating cost in a modem 
primary aluminium smelter. 



The raw material used in the Hall-Heroult cells is aluminium oxide, also called alumina. 

25 Alumina has a relatively low solubility in most electrolytes. In order to achieve suffi- 

cient alumina solubility, the temperature of the molten electrolyte in the electrowinning 
cell must be kept high. Today, normal operating temperatures for Hall-H6roult cells are 
in the range 940 - 970*C To maintain the high operating temperatures, a considerable 
amount of heat must be generated in the cell, and the major portion of the heat genera- 

30 tion takes place in the interpolar space between the electrodes. Due to the high electro- 

lyte temperature, the side walls of today's aluminium production cells are not resistant to 
the combination of oxidising gases and cryolite-based melts, so the cell side linings 
must be protected during cell operation. This is normally achieved by the formation of a 
crust of frozen bath ledge on the side walls. The maintenance of this ledge necessitates 

2 
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operating conditions where high heat losses through the side walls is a necessary 
requirement. This results in the electrolytic production having an energy consumption 
that is substantially higher that the theoretical minimum for aluminium production. The 
high resistance of the bath in the interpolar space accounts for 35 - 45% of the voltage 
losses in the cell. The state-of-the-art of present technology is cells operating at current 
loads in the range 250 - 350 kA, with energy consumption around 13 kWh/kg Al and a 
current efficiency of 94 - 95%. 

The carbon cathodes used in the traditional Hall-Hdroult cells are vulnerable to sodium 
swelling and erosion, and both of these can cause cell life reduction. 

As pointed out, there are several good reasons for improving the cell design and the 
electrode materials in aluminium electrolysis cells, and several attempts have been made 
to obtain these improvements. One possible solution to overcome some of the problems 
experienced in the presently used Hall-Hdroult cells, is the introduction of so-called 
wettable (or inert) cathodes. The introduction of aluminium wettable cathodes has been 
suggested in several patents, among others U.S. Pat. Nos. 3.400,036, 3,930,967 and 
5,667,664. All of the patents in this field of invention are aimed at reducing the energy 
consumption during aluminium electrolysis through the implementation of so-called 
aluminium wettable cathode materials. The energy reduction during electrolysis is 
accomplished by the construction of an electrolytic cell with drained cathodes, allowing 
for cell operation without the presence of an aluminium pool. Most of the patents are 
related to the retrofit of the conventional Hall-Hferoult cell types, although some presup- 
pose the introduction of novel cell designs. Wettable cathodes are proposed manufac- 
tured from so-called Refractory Hard Materials (RHM) like borides, nitrides and 
carbides of the transition metals, and also RHM silicides are proposed as useful inert 
cathodes. The RHM cathodes are readily wetted by aluminium and hence a thin film of 
aluminium may be maintained on the cathode surfaces during aluminium electrowinning 
in drained cathode configurations. Due to the high cost of the RHM materials, the 
manufacture of RHM/graphite composites, for instance TiB2-C composite, constitutes a 
viable alternative material for drained cathodes. The wettable cathodes can be inserted 
in the proposed electrolysis cells as solid cathode structures or as slabs, "mushrooms", 
lumps, plates, etc. The materials may also be applied as surface layers as slurries, 
pastes, etc., that adhere to the underlying substrate, usually carbon based, during start-up 
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or preheating of the cell or cathode elements (for instance U.S. Pat. Nos. 4,376,690, 
4.532,017 and 5,129,998). As proposed in these patents, the RHM cathodes may be 
inserted as "pre-cathodes" that partially floats on top of the underlying aluminium pool 
in the electrowinning cell, and as such decreases the interpolar distance and will also 
have a dampening effect on the metal movement in the cell bottom. Problems expected 
to be encountered during the operation of such "pre-cathode" cells are related to break- 
ing of the shapes, stability of the mounted elements and long-time operational stability. 
Brown et al. (1998) have reported successful operation for a relatively short time period 
oif Hall-Hferoult cells using TiBz/C-composite wettable cathodes in a drained configura- 
tion, but as known to those skilled in the art, long-time operation will be problematic 
due to the dissolution of TiB2 resulting in removal of the wettable cathode layer on top 
of the carbon cathode blocks. The introduction of wettable cathodes and so-called 
"pre-cathodes" in Hall-Heroult cells with their horizontal electrode alignment, however, 
do not address the low area utilisation of said cells. 

With an inert anode in the electrowinning of aluminium, the overall reaction would be: 



So far, no commercial-scale electrolysis cells have been operated successfully over 
longer periods of time with inert anodes. Many attempts have been made to find the 
optimum inert anode material and the introduction of these materials in electrolytic 
cells, and numerous patents have been proposed for inert anode materials for aluminium 
electrowinning. Most of the proposed inert anode materials have been based on tin 
oxide and nickel ferrites, where the anodes may be a pure oxide material or a cermet 
type material. The first work on inert anodes was initiated by CM. Hall, who worked 
with copper metal (Cu) as a possible anode material in his electrolysis cells. Generally, 
the inert anodes can be divided into metal anodes, oxide-based ceramic anodes and 
cermets based on a combination of metals and oxide ceramics. The proposed oxide- 
containing inert anodes may be based on one or more metal oxides, wherein the oxides 
may have different functions, as for instance chemical "inertness" towards cryolite- 
based melts and high electrical conductivity. The proposed differential behaviour of the 
oxides in the harsh environment of the electrolysis cell is, however, questionable. The 
metal phase in the cermet anodes may likewise be a single metal or a combination of 



2AI2O3 = 2A1 + 3O2 



(3) 
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several metals (metal alloys). The main problem with all of the suggested anode materi- 
als is their chemical resistance to the highly corrosive environment due to the evolution 
of pure oxygen gas (1 bar) and the cryolite-based electrolyte. To reduce the problems of 
anode dissolution into the electrolyte, additions of anode material components (U.S. Pat. 
5 No. 4,504,369) and a self generating/repairing mixture of cerium based oxyfluoride 

compounds (U.S. Pat. Nos. 4,614,569. 4,680,049 and 4,683,037) have been suggested as 
possible inhibitors of the electrochemical corrosion of the inert anodes. However, none 
of these systems have been demonstrated as viable solutions. 

10 - When operating cells with inert anodes, one problem often run into is the accumulation 

of anode material elements in the aluminium produced. Several patents have tried to 
address these problems by suggesting a reduction in the cathode surface area, i.e. the 
surface of the aluminium produced. Reduced aluminium surface area exposed to the 
electrolytic bath will reduce the uptake of dissolved anode material components in the 

15 metal, and hence increase the durability of the oxide-ceramic (or metal or cermet) 

anodes in the electrolysis cells. This is amongst others described in U.S. Pat. Nos. 
4,392,925, 4,396.481, 4,450,061, 5,203,971. 5,279,715 and 5,938,914 and in GB 2 076 
021. 

20 Other publications related to this technical field are as follows: 

Haupin.W. and Kvande,H.: '^Thermodynamics of electrochemical 
reduction ofcUumina", Light Metals 2000, 379-384. 

25 Pawlek,R,P.: "Aluminium wettable cathodes: An update". Light Metals 

1998,449-454. 

Brown.G.D., Hardie,G.J., Shaw,R.W. and Taylor.M.P.: "TlBi coated 
aluminium reduction cells: Status and future direction of coated cells in 
30 Comalco", Proceedings of the 6"" Australasian AI Smelting Workshop, 

Queenstown, New Zealand, November 26, 1998. 
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The introduction of inert anodes and wettable cathodes in the present Hall-Hdroult 
electrowinning cells would have a significant impact on reducing the production of 
greenhouse gases like CO2, CO and PFC's from aluminium production. Also, potent- 
ially the reduction in energy added would be substantial if a drained cathode design 
could be employed. However, in order to really make substantial progress in the optimi- 
sation of electrolytic aluminium production, both inert (dimensionally stable) anodes 
and wettable cathodes must be incorporated in a novel cell design. Novel cell designs 
can be divided into two groups, designs aimed at retrofit of existing Hall-Hferoult type 
cells, and completely new cell designs. 

Patents regarding retrofit or enhanced development of Hall-Heroult cells are amongst 
others described in U.S. Pat. Nos. 4,504,366, 4,596,637, 4,614,569, 4,737,247, 
5,019,225, 5,279,715, 5,286,359 and 5,415,742, as well as GB 2 076 021. All of these 
patents address the problems encountered due to the high heat losses in the present Hall- 
Hferoult cells, and the electrolysis process is operated at reduced interpolar distances. 
Some of the proposed designs are in addition effective with respect to reducing the 
surface area of the liquid aluminium metal pad exposed to the electrolyte. However, 
only a few of the suggested designs have addressed the low production to area ratio of 
the Hall-HSroult cells. Amongst others. U.S. Pat. Nos. 4,504,366, 5,279,715 and 
5,415,742 have tried to solve this problem by implementation of vertical electrode 
configurations to increase the total electrode area of the cell. These three patents have 
also suggested the use of bipolar electrodes. The major problem of the cell design 
suggested in these patents, however, is that the requirement for a lar^ aluminium pool 
on the cell bottom to provide electrical contact for the cathodes. This will render the 
cell susceptible to the influence of the magnetic fields created by the busbar system, and 
may hence cause local short-circuiting of the electrodes. 

U.S. Pat. Nos. 4,681,671, 5,006,209, 5,725,744 and 5,938,914 describe novel cell 
designs for aluminium electrowinning. Also U.S. Pat. Nos. 3,666,654, 4,179,345, 
5,015,343, 5,660,710 and 5,953,394. and Norwegian patent no. NO 134495 describe 
possible designs of light metal electrolysis cells, although one or more of these patents 
are oriented towards magnesium production. Most of these cell concepts are applicable 
to multi-monopolar and bipolar electrodes. The common denominator of all of the 
above suggested cells designs is a vertical electrode configuration for the utilisation of 
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the so-called gas lift effect. As gas is evolved at the anode it raises towards the surface 
of the electrolyte, creating a drag force that can be utilised to "pump" the electrolyte in 
the cell. By suitable arrangement of the anodes and cathodes, this gas-lift induced flow 
of electrolyte can be controlled. All of these prior patents claim better current efficien- 
cies, purer metal quality and improved metal - gas separation properties. However, for 
the purpose of separating a produced metal that is denser than the electrolyte, one 
general impression of the prior patents, as for instance expressed in U.S. Pat. No. 
5,660,710, is that the separation or partition wall does not extend deep enough in the 
electrolyte to accomplish this task. Additionally, several of the patents, for example 
Norwegian pat. No. 134495, introduce the term gas separation chamber merely by 
increasing the height of the free volume between the electrolyte level above the 
electrodes and the lid of the electrolytic cell. This design change is, however, not suffi- 
cient to assure the removal of finely dispersed oxygen bubbles in the electrolyte due to 
the high velocities of the electrolyte in the areas directly above and adjacent to the 
oxygen-evolving anodes in the cell. 

Additionally, the referred patents, as well as U.S Pat. No. 6,030,518, all point to the 
lowering of the bath temperature as compared to normal Hall-H^roult cell temperatures 
as a means of a feasible reduction of the anode corrosion rates in the cell. The utilisa- 
tion of the gas-lift effect and design of so-called up-comer and down-comer flow 
funnels are also described in U.S. Pat. No. 4,308,116, specially aimed at magnesium 
production. 

U.S. Pat. No. 4,681,671 describes a novel cell design with a horizontal cathode and 
several, blade-shaped vertical anodes, and the cell is then operated at low electrolyte 
temperatures and with an anodic current density at or below a critical threshold value at 
which oxide-containing anions are discharged preferentially to fluoride anions. By 
means of forced or natural convection, the melt is circulated to a separate chamber or a 
separate unit, in which alumina is added before the melt is circulated back into the 
electrolysis compartment. Although the total surface area of the anode is high in the 
proposed configuration, the effective anode area is small and limited due to the low 
electrical conductivity of the anode material relative to the electrolyte. This will 
substantially limit the useful anodic surface area, and will lead to high corrosion rates at 
the effective anode surface. 
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The proposed cell design presented in U.S. Pat. No. 5,938,914 consists of inert anodes 
and wettable cathodes in a completely closed arrangement for ledge-free aluminium 
electrowinning. The cell is preferably constructed with a plurality of interleaved, verti- 
cal anodes and cathodes with an anode to cathode surface area ratio of O.S * 1.3. The 
bath temperature is in the range from lOQPC to 940*^0, with 900 - 920°C as the preferred 
operating range. The electrode assembly has outer walls that define a down-comer and 
an up-comer for the electrolyte flow induced by the gas-lift effect of the oxygen bubbles 
produced at the anode($}. A roof is placed above the anodes to collect the gas and to 
direct the evolved oxygen into the up-comer defined in the electrolysis chamber. The 
end cathodes are electrically connected to the cathode lead of the electrode assembly, 
whereas any interleaved cathode plates are electrically connected to the end cathode 
plates by means of the aluminium pool on the cell floor. 

An aluminium electrowinning cell with vertical electrodes and a metal collection 
"sump" created by a drained cell floor design was proposed in U.S. Pat. No. 5,006,209. 
The electrolysis cell concept was designed for metal-based anodes and wettable 
cathodes where the electrolysis process takes place in a fluoride-containing electrolyte at 
low temperatures, and where the aluminium ore is solid and dissolved alumina is kept in 
suspension in the electrolyte. Again, the convection pattern of the electrolyte in the 
electrolysis cell is created by the so-called gas-lift effect due to oxygen-evolving anodes. 
The cell floor itself is an auxiliary non-consumable anode, or the anodes may have an 
inverted T-shape, and is as such an oxygen-evolving "bottom" anode. A possible 
problem of this design is that aluminium produced on the cathodes and flowing 
downward will be exposed to the oxygen gas produced at the "bottom" anode and hence 
contribute to reduced current efficiency through the back reaction. Additionally, if 
aluminium comes into contact with the oxide layer on the metal anode, an exothermic 
reaction between aluminium and the oxidised anodic layer will take place. This will 
contribute to loss of current efficiency in the cell as well as to the deterioration of the 
anode with subsequent contamination of the produced metal. Another problem that is 
expected to be encountered during long-time operation of the cell described in U.S. Pat. 
No. 5,006,209, is the accumulation of alumina-containing sludge in the cell bottom. 
This problem is expected due to the low solubility of alumina at the suggested operating 
temperatures, and the problems of keeping alumina freely suspended in the cell during 

8 



wo 02/066709 




PCT/NO02/00063 



varying cell operating conditions (i.e. temperature fluctuations, bath composition 
fluctuations and alumina quality fluctuations). 

U.S. Pat No. 5,725,744 proposes a different concept for a novel design of an aluminium 
electrowinning cell. The cell is designed for preferred operation at low temperatures, 
and thus requiring operation at low anodic current densities. The inert electrodes and 
wettable cathodes are aligned vertically, or practically vertically, in the cell, thus 
maintaining an acceptable cell footprint. The electrodes are aligned as several inter- 
leaved rows adjacent to the side walls of the cell or alternatively a single row of multi- 
monopolar electrodes along its length. The anode surface area, and possibly the cathode 
area, are increased by the use of a porous or reticulated skeletal structure, where the 
anode leads are introduced from the top of the cell and the cathode leads are introduced 
from the bottom or lower side walls. The cell operates with an aluminium pool on the 
cell floor. Spacers are used between or adjacent to the electrodes to maintain a fixed 
interpolar distance, and to provide the desired electrolyte flow pattern in the cell, i.e. an 
upward movement of the electrolyte flow in the interpolar spacing. The cell is likewise 
designed with a cell housing outside the electrodes that provides a downward movement 
of the electrolyte. Alumina is fed into the cell in the cell housing with the downward 
electrolyte flow. According to the present authors' understanding, one of the main 
problems encountered with the proposed cell design of the said U.S. Pat. is the short- 
comings with respect to separation of the produced metal and electrolyte. A large 
aluminium pool is prescribed to be present at the cell floor level, thus as in other similar 
electrowinning cell designs a laige surface area of molten aluminium is in contact with 
the electrolyte, enhancing the accumulation of dissolved anode material in the produced 
metal, and enhancing the dissolution of aluminium in the electrolyte. The latter problem 
will reduce the current efficiency of the cell through the back reaction with dissolved 
oxidising gas species, and the first will lead to reduced metal quality. 

A fact well established in hydrodynamics is that the flow of a fluid system is governed 
by a balance between the driving force for fluid flow and the resistance to fluid flow 
within the components of the system. Furthermore, depending upon the configuration, 
the velocity within local regions flow may be in the same direction but may sometimes 
be in the direction opposite to the fluid drive. This principle is amongst others cited in 
U.S. Pat. Nos. 3,755,099, 4,151,061 and 4.308,116. Inclined electrode surfaces are 
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used to enhance/facilitate the drainage of gas bubbles from the anode and molten metal 
from the cathode. Hence, the design of electrolysis cells with vertical or near horizontal 
electrodes of both multi-monopolar and bipolar electrode arrangement, where fixed 
interpolar distance and the gas-lift effect are used to create a forced convection of the 
electrolyte flow, is not new. U.S. Pat. Nos. 3,666,654. 3,779.699, 4.151,061 and 
4.308.116, amongst others utilise such design principles, and the two latter patents also 
give descriptions of the use of "funnels" for up-comer(s) and down-comer(s) with 
respect to the electrolyte flow. U.S. Pat No. 4,308,116 also suggests the use of a 
separation wall for enhanced separation of produced metal and gas. 

It is an object of the present invention to provide a method and an electrowinning cell 
for production of aluminium by the electrowinning of aluminous ore, preferably alumin- 
ium oxide, in a molten fluoride electrolyte, preferably based on cryolite, at temperatures 
in the range 680 - 980°C. The said method is designed to overcome problems related to 
the present production technology for electrowinning of aluminium, and thus providing 
a commercial and economically viable process for said production. This means the 
design of an electrolysis cell with the necessary cell components and outline to reduce 
energy consumption, reduce overall production costs and still maintain high current 
efficiency. The compact cell design is obtained by the use of dimensionally stable 
anodes and aluminium wettable cathodes. The internal electrolyte flux is designed to 
attain a high dissolution rate of alumina, even at low electrolyte temperatures, and a 
good separation of the two products from the electrolysis process. Problems identified 
with the mentioned patents (U.S. Pat Nos. 4,681,671, 5,006,209, 5,725.744 and 
5,938,914) are also not encountered in this invention due to the more sophisticated 
design of the electrolysis cell. 

A governing principle in the present invention related to an electrolysis cell for the 
accomplishment of aluminium electrolysis, and for the construction principle of the 
aluminium electrowinning cell, is that the two products, aluminium and oxygen, shall be 
efficiently collected with minimal losses due to the recombination of these products. 
The impediment of this recombination is accomplished through rapid and complete 
separation of aluminium and oxygen. This is sought realised through the forced convec- 
tion of the metal and the gas/electrolyte in opposite directions, in such a manner as to 
achieve maximal differences in the actual velocity vectors of the two products. 

10 
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These and other advantages can be achieved by the invention as defined in the accompa- 
nying claims. 

In the following, the invention shall be further described by figures and an example 
where: 

Figure 1: Shows a schematic view of the vertical cross section longitudinally of the 
electrolysis compartment of an electrolysis cell according to the invention, 

Figure 2: Shows a vertical cross section transverse of the electrolysis cell shown in 
Figure 1. 

Figures 1 and 2 disclose a cell for the electrowinning of aluminium comprising anodes 1 
and cathodes 2 immersed in an electrolyte E contained in an electrolysis chamber 22. In 
operation, the electrolyte will be separated from the upward rising gas bubbles 15 (Fig, 
2) by deflection in a direction more or less perpendicular to the gas stream in the inter- 
polar space 18 (Fig. 1) between the interleaved multi-monopolar or bipolar electrodes, 
where the gas is evolved at the inert anode surface 1. The electrolyte, containing some 
oxygen bubbles of smaller size (15) will be deflected into a gas separation chamber 14 
(Fig. 2) through one or more openings 12 in the partition wall 9, In this chamber the 
electrolyte flow rate is reduced to enhance the gas separation. The gas-free electrolyte is 
then lead into the electrolysis chamber through corresponding openings 13 in the parti- 
tion wall, providing a flow of "fresh" electrolyte into the interpolar space 18. In princi- 
ple, the separation wall 9 can be constructed without openings (12, 13), and the 
circulation of the electrolyte between the electrolysis chamber 22 and the gas separation 
chamber 14 can then be obtained by limiting the extent of the partition wall. In practice 
this can be achieved by allowing a gap between an auxiliary floor 10 and the lower end 
of the partition wall 9, and a gap of similar dimensions between the top of the partition 
wall 9 and the upper electrolyte level. 

The produced aluminium will flow downward on the aluminium wettable cathode 
surfaces 2 in the opposite direction of the electrolyte and the rising gas bubbles. The 
produced aluminium will pass through holes 17 of the auxiliary cell floor 10, and will be 

11 
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collected in an aluminium pool 11 shielded from the flowing electrolyte in a metal 
compartment 23. The metal can be extracted from the cell through a hole suitably 
located through the cell lid 8, or through one or more surge pipes/siphons 19 attached to 
the cell. It is a principle of the present invention to arrange the electrodes 1, 2 and the 
partition wall 9, as well as the auxiliary cell floor 10, so as to achieve a balance between 
the buoyancy-generated bubble forces (gas-lift effect) on one side and the flow resis- 
tance on the other hand to give a net motion of the electrolyte to provide the required 
alumina dissolution and supply, as well as separation of the products. Preferably the 
partition wall 9 extends between two opposing side walls 24, 25 of the cell. Its height 
may extend from the bottom 26 or the auxiliary floor of the cell and upward to at least 
the surface of the electrolyte. The height can be limited to allow full exchange of gas 
between the electrolysis chamber 22 and the gas separating chamber 14. 

The cell is located in a steel container 7, or in a container made of another suitable 
material. The container has a thermal insulating lining 6 and a refractory lining 5 with 
excellent resistance to chemical corrosion by both fluoride-based electrolyte and 
produced aluminium 11. The floor of the cell is formed to create a natural drainage of 
the aluminium to a deeper pool for easy extraction of produced metal from the cell. 
Alumina is preferably fed through one or more pipes 20 and into the highly turbulent 
flow region of the electrolyte in the electrolysis chamber between the electrodes of the 
cell. This will allow a fast and reliable dissolution of alumina, even at low bath 
temperatures and/or high cryolite ratios of the electrolyte. Optionally, the alumina can 
be fed into the gas separation chamber 14. The electrodes are connected to a peripheral 
busbar system through connections 3, in which the temperatures can be controlled 
through a cooling system 4. 

The off-gasses formed in the cell during the electrolysis process will be collected in the 
top part of the cell above the gas separation and the electrolysis chamber. The off-gases 
can then be extracted from the cell through an exhaust system 16. The exhaust system 
can be coupled to the alumina feeding system 20 of the cell, and the hot off-gasses can 
be utilised for preheating of the alumina feed stock. Optionally, the finely dispersed 
alumina particles in the feed stock may act as a gas cleaning system, in which the 
off-gasses are completely and/or partially stripped from any electrolyte droplets, 
particles, dust and/or fluoride pollutants in the off-gasses from the cell. The cleaned 
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exhaust gas from the cell is then connected to the gas collector system (28) of the 
potline. 



The present cell design achieves reduced contact time and reduced contact area between 
the metal and the electrolyte. Hence, the unfortunate consequence of previously known 
design solutions is avoided, where a relatively large surface area of molten aluminium is 
kept in contact with the electrolyte, and renders possible the enhanced accumulation of 
dissolved anode material in the produced metal. The contact area of the cathode, i.e. 
the downward flowing aluminium may be even further reduced by reducing the cathode 
surface area relative to the anode surface area. A reduction in the exposed cathodic 
surface area will reduce the contamination levels of anode material in the produced 
metal, thus reducing the anodic corrosion during the electrolysis process. A reduction in 
the anodic corrosion can also be obtained by reducing the anodic current density and by 
lowering of the operating temperature. 

A novel concept of the invented cell is the implementation of an auxiliary cell floor. By 
means of the gas produced at the anode, a gas-lifting effect is created, setting up a 
desired circulation pattern in the electrolyte. This circulation pattern transports the 
produced gas upward and away from the downward flowing aluminium. The optional 
introduction of diaphragms, interior walls or "skirts" 21 (Fig. 1) between the anodes 1 
and the cathodes 2 may under certain circumstances enhance the preferred circulation 
pattern of the electrolyte, and the diaphragms may also reduce the downward circulation 
of the electrolyte along the cathode surfaces by means of reducing the natural tendency 
for a downward movement of the electrolyte. Due to the large volume of the gas separa- 
tion chamber 14 relative to the total interpolar volumes, the gas separation chamber will 
act as a de-gaser for any oxygen gas "trapped" in the electrolyte, thus allowing for an 
essentially gas-free electrolyte to be circulated back to the electrolysis chamber. The 
communication between the electrolysis chamber and the gas separation chamber takes 
place through "openings" in the partition wall inserted in the cell, and the size and 
position of these "openings" (12 and 13) determine the flow pattern as well as the flow 
rates in the cell . 



The shown multi -monopolar anodes 1 and cathodes 2 may obviously be manufactured 
as several smaller units and assembled to form an anode or cathode of the desired 
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dimensions. In addition, except for the end electrodes, all interleaved inert anodes 1 and 
aluminium wettable cathodes 2 can be exchanged by bipolar electrodes, which may be 
designed and positioned in the same manner. This alignment will cause the end 
electrodes in the cell to act as a terminal anode and terminal cathode, respectively. The 
electrodes are preferably arranged in a vertical alignment, but cantilevered/tilted 
electrodes can also be used. Also tracks (grooves) in the electrodes may be applied to 
improve the separation and collection/accumulation of produced gas and/or metal. 



Continuous operation of the electrolysis cell requires the use of dimensionally stable 
inert anodes 1. The anodes are preferably made of metals, metal alloys, ceramic materi- 
als, oxide based cermets, oxide ceramics, metal ceramic composites (cermets) or combi- 
nations thereof, with high electrical conductivity. The cathodes 2 must also be 
dimensionally stable and wettable by aluminium in order to operate the cell at constant 
interpolar distances 18, and the cathodes are preferably made from titanium diboride, 
zirconium diboride or mixtures thereof, but may also be made from other electrically 
conducting refractory hard metals (RHM) based on borides, carbides, nitrides or 
silicides, or combinations and/or composites thereof. The electrical connections to the 
anodes are preferably inserted through the lid 8 as shown in Figs. 1 and 2. The connec- 
tions to the cathodes may be inserted through the lid 8, through the long side walls 27 
(Fig. 2) or through the cell bottom 26. 

The invented cell can be operated at low interpolar distances 18 to save energy during 
aluminium electrowinning. The productivity of the cell is high, as vertical electrodes 
provide large electrode surface areas and a small "footprint" of the cell. Low interpolar 
distances mean that the heat generated in the electrolyte is reduced compared to tradi- 
tional Hall-Heroult cells. The energy balance of the cell can hence be regulated by 
designing a correct thermal insulation 6 in the sides 24, 25, 27 and the bottom 27 is 
necessary, as well as in the cell lid 8. The cell can then optionally be operated without a 
frozen ledge covering the side walls, and chemically resistant cell materials is in such 
cases a matter of necessity. However, the cell can also be operated with a frozen ledge 
covering, at least parts of, the sidewalls 24,25,27 and bottom 26 of the cell. 

Excess heat generated must be withdrawn from the cell through the water-cooled 
electrode connections 3,4 and/or the use of auxiliary means of cooling like heat pipes, 
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etc. Depending on the desired heat balance and operating conditions of the cell, the heat 
retracted from the electrodes may be used for heat/energy recovery. The cell liner 5 is 
preferably made of densely sintered refractory materials with excellent corrosion resis- 
tance toward the used electrolyte and aluminium. Suggested materials are alumina, 
silicon carbide, silicon nitride, aluminium nitride, and combinations thereof or compos- 
ites thereof. Additionally, at least parts of the cell lining can be protected from oxidis- 
ing or reducing conditions by utilising protective layers of materials that differs from the 
bulk of the dense cell liner described above. Such protective layers can be made of 
oxide materials, for instance aluminium oxide or materials consisting of a compound of 
one or several of the oxide components of the anode material and additionally one or 
more oxide components. The auxiliary cell floor 10, partition wall 9 and diaphragms 21 
can also be made of densely sintered refractory materials with excellent corrosion resis- 
tance toward the used electrolyte and aluminium. Suggested materials are alumina, 
silicon carbide, silicon nitride, aluminium nitride, and combinations thereof or compos- 
ites thereof. The two latter units (9,21) can also utilise other protective materials in at 
least parts of the construction, where the protective layers can be made of oxide materi- 
als, for instance aluminium oxide or materials consisting of a compound of one or 
several of the oxide components of the anode material and additionally one or more 
oxide components. 

The shape and design of the degassing or gas separation chamber may vary depending 
on the production capacity of the cell. The gas separation chamber may in reality 
consist of several chambers placed on either side of the electrolysis chamber, or consist 
of one or more chambers separating two adjacent electrolysis compartments, or consist 
of one or more chambers alongside the electrolysis chamber as shown in Figure 2. The 
gas separation chamber may also be opened during cell operation for drainage/removal 
of any alumina sludge accumulated in the cell. 

The invented cell is designed for operation at temperatures ranging from 680*C to 
91(y'C, and preferably in the range 750 - 9WC. The low electrolyte temperatures are 
attainable by use of an electrolyte based on sodium fluoride and aluminium fluoride, 
possibly in combination with alkaline and alkaline earth halides. The composition of 
the electrolyte is chosen to yield (relatively) high alumina solubility, low liquidus 
temperature and a suitable density to enhance the separation of gas, metal and 
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5 



10 



electrolyte. In one embodiment, the electrolyte comprises a mixture of sodium fluoride 
and aluminium fluoride, with possible additional metal fluorides of the group 1 and 2 



and where the NaF/AIFj molar ratio is in the range 1 to 3, preferably in the range 1.2 - 
2.8. 

It should be understood that the suggested aluminium electrowinning cell as presented 
in the example relating to Figures 1 and 2, represents only one particular embodiment of 
the cell, which may be used to perform the method of electrolysis according to the 
invention. 



elements in the periodic table according to the lUPAC system, and the possible compo- 
nents based on alkali or alkaline earth halides up to a fluoride/halide molar ratio of 2.5, 
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Claims 



10 



15 



20 



25 



1. A method for electrolytic production of aluminium metal from an electrolyte (E) 
comprising aluminium oxide, by performing electrolysis in at least one electrolysis 
chamber (22) containing said electrolyte and further comprising at least one inert 
anode (1) and at least one wettable cathode (2), where the anode evolves oxygen gas 
and the cathode has aluminium discharged onto it in the electrolysis process, said 
oxygen gas enforcing an electrolyte flow pattern upward and said produced alumin- 
ium flowing downward due to gravity, 

characterised in that 

the oxygen gas is further directed to flow into a gas separation chamber (14) arranged 
in communication with said electrolysis chamber (22), thus establishing an electro- 
lyte flow pattern between said electrolysis chamber (22) and said gas separation 
chamber (14). 

2. A method in accordance with claim 1, 
characterised in that 

the electrolyte flow pattern is directed by at least one partitioning wall, interior wall 
or "skirt" (9) deflecting the upward flowing electrolyte in the electrolysis chamber 
(22) into the gas separation chamber (14). 

3. A method in accordance with claim 1, 
characterised in that 

the separated gas is removed from the gas separation chamber (14) by gas extraction 
means. 

4. A method in accordance with claim 1, 
characterised in that 

the produced metal is drained from the cathodes (2) to an aluminium pool (11) in the 
bottom of the cell, and is removed from the cell by appropriate means for metal 
tapping. 
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5. A methodTn accordance with claim 1, 
characterised in that 

the electrolyte temperature is in the range 680 - 970^C. 

6. A cell for electrolytic production of aluminium comprising at least one electrolysis 
chamber (22) containing an electrolyte, at least one inert anode (1) and at least one 
wettable cathode (2), 

characterised in that 

it further comprises a gas separating chamber (14) arranged in communication with 
said electrolysis chamber (22), where gas evolved in the process can be separated 
from the electrolyte. 

7. An electrolysis cell in accordance with claim 6, 
characterised in that 

a partitioning wall (9) is arranged between the electrolysis chamber (22) and the gas 
separating chamber (14), the said wall having at least one opening (12,13) 
therethrough. 

8. An electrolysis cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) has at least one upper opening (12) allowing the 
gas-containing electrolyte to flow from the electrolysis chamber (22) to the gas 
separating chamber (14), and at least one lower opening (13) through which electro- 
lyte separated from the gas returns to the electrolysis chamber (22). 

9. An electrowinning cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) is manufactured from aluminum oxide, aluminium nitride, 
silicon carbide, silicon nitride or combinations or composites thereof. 

10. An electrowinning cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) is manufactured from oxide materials. 
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1 l.An electi^inning cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) is manufactured from oxide or materials consisting of a 
compound of one or several of the oxide components of the anode material, and 
additionally one or more oxide components. 

12. An electrowinning cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) extends between two opposing side walls (24, 25) of the cell, 
where its height may extend from the bottom (26) or the auxiliary floor (10) of the 
cell and upward to at least the upper level of the electrolyte. 

13. An electrolysis cell in accordance with claim 7, 
characterised in that 

the partitioning wall (9) has a vertical extension and is further arranged such that an 
opening is provided below the lower end of the partitioning wall (9) and an opening 
of similar dimensions is provided between the upper end of the partitioning wall (9) 
and the upper level of the electrolyte (E). 

14. An electrowinning cell in accordance with claim 6, 
characterised in that 

the gas separating chamber (14) has a volume large enough to reduce electrolyte flow 
rates sufficiently to separate any gas contained in the electrolyte. 

15. An electrowinning cell in accordance with claim 6, 
characterised in that 

one or more gas separating chambers (14) can be arranged alongside at least one side 
of the cell. 
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16. An electrovUnning cell in accordance with claim 6, 
characterised in that 

the gas separating chamber (14) is connected to at least one gas exhaust system (16) 
for extracting and collecting gases from the chamber. 

17. An electrowinning cell in accordance with claim 16, 
characterised in that 

the exhaust system (16) is connected to an alumina feeding system (20) in which the 
hot ofT-gasses are used for heating the alumina feed stock and/or used for scrubbing 
cleaning of the off-gasses from the cell to remove fluoride vapours, fluoride particu- 
lates and/or dust before entering the gas collection system (28). 

18. An electrowinning cell in accordance with claim 6, 
characterised in that 

the electrolysis chamber (22) comprises an auxiliary floor (10) provided with at least 
one hole (17) preferably arranged below the cathode(s), whereby aluminium is 
allowed to pass through said hole and to be collected in a metal compartment (23) 
defined below said floor. 

19. An electrowinning cell in accordance with claim 18, 
characterised in that 

the auxiliary floor (10) material is selected from aluminium nitride, silicon carbide, 
silicon nitride, oxide materials, refractory hard materials based on borides, carbides, 
nitrides, silicides or combinations or composites thereof. 

20. An electrowinning cell in accordance with claim 18, 
characterised in that 

said aluminium in the metal compartment (23) can be extracted from the cell via one 
or more surge pipes or siphons (19) attached to the cell. 
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21. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes (1) and the cathodes (2) are of a monopolar type arranged in an alternate 
manner, and further aligned vertically or inclined. 

22. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes and cathodes are of the bipolar type aligned vertically or inclined. 

23. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes and/or the cathodes consists of a plurality of smaller units integrated in 
one larger unit. 

24. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes are manufactured from dimensionally stable materials, preferably oxide 
based cermets, metals, metal alloys, oxide ceramics, and combinations or composites 
thereof. 

25. An electrowinning cell in accordance with claim 6, 
characterised in that 

the cathodes are manufactured from electrically conductive refractory hard materials 
(RHM) based on borides, carbides, nitrides, silicides or mixtures thereof. 

26. An electrowinning cell in accordance with claim 6, 
characterised in that 

the main surfaces of the anodes and cathodes are arranged in a manner adjacent to the 
short side wall of the cell. 

27. An electrowinning cell in accordance with claim 6, 
characterised in that 

the cell has a lining that preferably consists of an electrically non-conductive 
material. 
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28. An electrowinning cell in accordance with claim 27, 
characterised in that 

the material of the cell lining is selected from aluminium oxide, aluminium nitride, 
silicon carbide, silicon nitride, and combinations thereof or composites thereof. 

29. An electrowinning cell in accordance with claim 27, 
characterised in that 

the cell lining is manufactured from oxide materials. 

30. An electrowinning cell in accordance with claim 27, 
characterised in that 

at least parts of the cell lining is manufactured from oxide or materials consisting of a 
compound of one or several of the oxide components of the anode material, and 
additionally one or more oxide components. 

3LAn electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes and/or cathodes are connected to a periphery busbar system for electrical 
supply, where the connections can be introduced through the top, the sides or the 
bottom of the cell. 

32. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes and/or cathodes connections are cooled to provide heat exchange and/or 
heat recovery from said anode/cathode, and/or temperature control. 

33. An electrowinning cell in accordance with claim 6, 
characterised in that 

the anodes and/or cathodes connections are cooled by means of water cooling or 
other liquid coolants, by gas cooling or by the use of heat pipes. 
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34. An electrowlnning cell in accordance with claim 6, 
characterised in that 

it comprises at least one feeding tube for alumina where its inlet is located either at a 
position being close to a high-turbulence part in the electrolyte, and preferably in the 
inteipolar space between one anode and one cathode, or in the gas separation 
chamber. 

35. An electrowinning cell in accordance with claim 6, 
characterised in that 

the electrolyte flow pattern can be enhanced by introducing at least one diaphragm, 
interior wall or "skirt" (21) positioned between at least one anode and at least one 
cathode deflecting the upward flowing electrolyte into the gas separation chamber 



36. An electrowinning cell in accordance with claims 6 and 35, 
characterised in that 

the diaphragm (21) is manufactured from aluminum oxide, aluminium nitride, silicon 
carbide, silicon nitride or combinations or composites thereof. 

37. An electrowinning cell in accordance with claims 6 and 35, 
characterised in that 

the diaphragm (21) is manufactured from oxide materials. 

38. An electrowinning cell in accordance with claims 6 and 35, 
characterised in that 

the diaphragm (21) is manufactured from oxide or materials consisting of a 
compound of one or several of the oxide components of the anode material, and 
additionally one or more oxide components. 



(14). 
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39.An electrovvinning cell in accordance with claim 6, 
characterised in that 

the electrolyte comprises a mixture of sodium fluoride and aluminium fluoride, with 
possible additional metal fluorides of the group 1 and 2 elements in the periodic table 
according to the lUPAC system, and the possible components based on alkali or 
alkaline earth halides up to a fluoride/halide molar ratio of 2.5, and where the 
NaF/AIF3 molar ratio is in the range 1 to 3, preferably in the range 1.2 - 2.8. 
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